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Abstract
Real-time analysis of incident wave fields impact to harbors operation
Josep Maria Mart´ınez Casanovas
This MSc. thesis presents a novel developed methodology for harbor agitation analysis in real-time.
Reduced Order Models are applied for computing a sufficiently accurate generalized solution of the
linear elliptic mild-slope equation for any frequency and incoming direction given a modeled harbor.
Consequently, a highly efficient process is achieved for evaluating the solution of each incoming wave
field (any frequency and any direction) in real-time. To do this, generalized solutions are based on the
computation of a reduced basis for the given problem by using the Proper Generalized Decomposition
approach.
Once computed the reduced basis for a given harbor, the developed methodology proposes the real-
time simulation of all possible incident wave fields concerning an incident sea waves spectrum. Two
kind of analysis are proposed: the monochromatic and the multi-frequency/multi-directional one. In
the first, worst incident directions and frequencies are identified, while in the second a combined image
of incident waves spectrum is computed and analyzed from a functional point of view. Furthermore,
it is valuated the economic impact of the operation conditions regarding the probability of occurrence
of the simulated sea climes.
At the end of this document two illustrative examples (rectangular harbor and Port Forum harbor)
are developed by following the analysis approaches proposed in the previous chapters. As depicted
by their results, reduced order models application and the subsequent reduction of computational
time is crucial when a lot of solutions are needed. Full range evaluation of different monochromatic
incoming waves gives more precise information about harbor response and minimizes significantly
the risk of disregarding possible dangerous scenarios. The computation of a unique combined image
of a single incident wave spectrum provides a realist way for evaluating real incident sea climes and
presents useful outputs for harbor exploitation and optimization.
On the whole, the developed approach provides to the harbor management engineers a practical
way to optimize and simulate the operative conditions in real harbors, increasing its exploitation
profitability and its functional design.
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1 Introduction
Harbor engineering has the scope of providing safe conditions for harbors daily operation. This dis-
cipline is focused on minimizing the quantity of energy inside the harbor area by using protection
structures such as break waters, water walls and mainly harbors global design. Nevertheless, oceanic
nature is characterized by its highly random behavior, which makes it notably complex to simulate.
Ensuring admissible operation conditions of current harbors is not a completely solved problem yet.
Focusing on harbor agitation problems, this thesis proposes a practical approach for valuating the
risk of being in an agitation scenario, considering its economical impact to the business plan of the
modeled infrastructure. Concretely, it enables the possibility of monitoring in real-time the opera-
tional conditions of harbor and the economical results of its exploitation.
Generally, agitation analysis require a lot of evaluations of the problem, which normally conduce to
a punctual linear monochromatic analysis avoiding high computational costs. In this work high per-
formance computational techniques are applied for reducing the computational cost of this problem
evaluation and allowing the analysis of an extremely wide range of possible scenarios that may cause
operation problems.
This introduction chapter reviews the methodologies for dealing with agitation problems proposed
in the literature. As well, it introduces real-time computation strategies based on reduced order
models. Finally, the thesis goals and its structure are summarized.
1.1 Agitation problems in harbor management
Since the beginning of the 20th century a great many notable researchers and scientific entities have
focused their efforts in solving harbor economic management problems. Firstly with the scope of
predicting oceanic clime trends -see Walter (1999) and S. F. Barstow (2010)- and then with the
goal of minimizing the number of dangerous scenarios in military an commercial harbors, they have
reached the need of modeling sea behavior inside marinas and commercial ports.
Following what D. Gonza´lez-Marco & Sa´nchez-Arcilla (2008), Alderton (2008) and many other au-
thors suggest, this MSc. thesis has been developed as a research work in the field of harbor operation
analysis, which is the variable that drives economic profitability of this infrastructures. Accordingly,
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it has been applied lately developed efficient computational techniques which accelerate harbor nu-
merical analysis computation and provide maritime engineers with a powerful decision making tool
for harbor monitoring and management.
In a technical context, speaking about operability and harbor effectiveness has a clear meaning:
analyze and monitor agitation problems. In fact, if it was possible to know the response of a harbor
to all possible incident oceanic climes and the occurrence probability associated with each one of it,
it would be possible to anticipate and consequently to optimize harbors profitability and design.
Figure 1.1: Ideal approach to harbor agitation problem
Hitherto, preliminary harbor agitation scenarios simulation is mainly done by using FEM sim-
ulations of Berkhoff problem in a given domain, see Berkhoff (1972). The use of this numerical
techniques for solving this problem becomes the bottle neck of the operability analysis due to the
increment of the number of computations in the simulations according irregularities of the modeled
domains. Thus, harbors operation optimization is done by the evaluation of few incident wave fields,
as can be observed in Technocean (2001), Iberinsa (2009), S. L. Niemann & Broker (2010), Mart´ınez &
Naverac (1988) and in many other agitation studies. Furthermore, harbor operation level is presently
monitored by the interpretation of physical sensors output, which usually are analyzed a posteriori.
As noted by the previous references, those incident wave fields are usually chosen by the project
engineer who bases the choice on historical data trends, standards best practices and his experience.
However, concerning the high oscillations of the solution of the modeled problem, this assumptions
have driven to risky and non efficient solutions. Also, it has to bee said that as a consequence
of the limitations of the current simulation models, the type of analysis that is usually performed
is mono-frequency and mono-directional. These valuate the effect of monochromatic incident wave
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Figure 1.2: Current approach vs. proposed methodology.
fields without considering the interaction of different monochromatic incident waves, thus without
analyzing the complete spectra of possible incident waves.
In this work, as suggested in most recent publications in oceanic wave simulation journals P. Ku-
mar & Yuen (2015), T. Duarte & Sarmento (2014) and Y. S. Lia & Laib (2000), multifrequency and
multidirectional wave fields begin to be considered as a better approach to harbor response simula-
tion. In fact natural wave fields are multifrequency and multidirectional waves and, as suggested by
P. Kumar & Yuen (2015), their effects can be notably different from the monochromatic solutions.
Finally, it has to be said that these multichromatic solutions require a large number of evaluations of
the problem for representing the total incident oceanic clime, an thus, the capacity of reducing the
computational cost of each evaluation is a crucial key point.
1.2 The real-time management approach
Real-time analysis of harbor agitation problems proposes a crucial reduction of the computational
cost of each simulated scenario, typically characterized by a different incident wave field. It is for this
reason that ordinary FEM routines are not proposed as the model solver in this thesis.
This work applies a novel numerical technique with a high computational efficiency for solving any
incident wave field that conforms the real ocean waves spectra. These are based on the numerical
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Figure 1.3: Monochromatic wave fields vs. natural ones (multifrequency).
computation of a parametrized solution of the physical model that it is wanted to simulate. As
said before, the physical model used for simulating agitation problems is the mild-slope equation
parametrized in terms of the incident wave field direction and frequency.
The particularity of this method lies in computation of the generalized solution of the simulated
domain just once, process that can take notable time to be done. Nevertheless, after this calculation
they can directly solved the different problems that are concerned by the parametrized domains in
the generalized solution. In other words, once the reduced basis of the model (i.e. generalized so-
lution) it is known, real-time evaluation of solutions for any combination of frequency and incoming
wave direction is achieved. This is a post-process of the problem enabling the analysis of different
quantities interest according to maritime engineers requirements.
Note that computing the generalized solution is the key point for accelerating the evaluation of
the different solutions computation. In fact, since the proposed approach concerns the solution of a
high-dimensional problem for obtaining the reduced basis, its computation involves on exponential
growth of degrees of freedom. According to Modesto (2014), it can be avoided by the use of reduced
order models, which aim is to provide sufficiently accurate representation of the generalized solution
using surrogate models, such as the Proper Generalized Decomposition approach. The details of the
PGD are explained in the section 2.
1.3 Thesis objectives and outline
The main purpose of this MSc. thesis is to develop and apply conceptual real-time post-processes for
analyzing harbor agitation problems and optimizing harbor operation management. Driven by this
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principal aim, the following secondary objectives can be highlighted:
i. Understand and use the currently applied models for simulating harbor agitation phenomena. In
the first part of section 2 they are reviewed the MSE model and the Berkhoff solution for harbor
diffraction and reflection problems simulation.
ii. Comprehend reduced order models concept and, concretely, apply the generalized mild slop equa-
tion model for analyzing real harbor agitation problems. Also in the section 2 it is exposed the
obtainment of the generalized MSE by the application of the lately developed PGD technique.
iii. Delve into the sea wave spectral field for applying it to the evaluation of incident wave field effects
in harbors daily operation. In the third section it is reviewed the oceanic waves spectral theory
from an applied point of view. Formal definitions are also included.
iv. Develop a research code module and defining a general cost function for evaluating, in real-time,
the operative and the economic impact of agitation problems in harbors exploitation. In the
second part of the section 3, they are presented conceptually the main drivers for developing harbor
operation analysis. Furthermore, there are presented two approaches concerning the potential of
using high efficient computational techniques as PGD.
v. Understand marinas and commercial harbors current exploitation models. Also, in the last part
of section 3 the current exploitation models are described.
vi. Compute the generalized solution of a real example and analyze its response to different realistic
incident wave fields. Finally , in the last sections of this work (section 4) three examples are
analyzed following the pre and post-processes developed in this thesis.
At the end of this work there are presented the general conclusions of the thesis and the future works
suggestions.
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2 Real-time wave computations
This chapter presents first an elliptic model which describes the steady harbor agitation for a given an
incident waves field, a geometry and the absorbing parameters of its boundary. In the second section, it
is described the Proper Generalized Decomposition (aka PGD), a lately developed numerical technique
proposed for real-time computations, particularly applied to the Mild Slope Equation problem.
2.1 Modelling the physical problem: The mild slope Equation
Assuming the linear wave theory, the complex water surface u(x, y) ∈ C which propagates in the
semi-infinite domain Ω∞ ∈ R can be described by the Helmholtz-type mild slope equation (aka MSE)
proposed by Berkhoff (1972).
∇ · (ccg∇u) + k2ccgu = 0 ∈ Ω∞, (2.1)
where k(x, y) ∈ R is the wavenumber, c = ω/k ∈ R is the phase velocity, ω ∈ Iω is the angular
frequency of the incident wave field and cg ∈ R is the group velocity. Notice that for taking into
account the diffraction effects, it has to be respected the relation between the wavenumber with the
wave frequency and the slightly varying bathimetry. This relation is given by assuming the dispersion
relation
ω2 = kg tanh(kh), (2.2)
being g the acceleration of the gravity. The group velocity is defined as
cg = dω/dk = g
[
tanh(kh) + kh sec2(kh)
]
/(2ω). (2.3)
Observe that the incident wave field is represented by only one frequency ω, so this model describes
the surface given a monochromatic incident wave field.
For having a well posed problem, boundary conditions are required in all boundaries of the defined
domain Ω∞. Being ΓR the boundary which represents the different physical barriers that surround
the water, the conditions on it are given by
n · ccg∇u− ikccgαu = 0 on ΓR, (2.4)
where i =
√−1 is the imaginary unit, n is the outer unit normal to the boundary and α ∈ [0, 1] is
a real experimental coefficient which controls the reflection or absorption condition of the modeled
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boundary. The parameter α takes the value 0 for a totally reflecting boundary and 1 for a totally
absorbing one.
2.1.1 The computational domain and the PML treatment
In maritime engineering harbor problems are defined in unbounded domains. It means that there is
a boundary that represents the limit between the simulated domain and the open sea. Obviously, the
boundary conditions on this are quite particular and have to be treated carefully.
The truncation of the offshore infinite domain is mandatory to satisfy the existing Sommerfeld
boundary condition in the wave propagation problem. For doing this, in this thesis it is used the
Perfectly Matched Layer methodology (PML, see V. Panchang & Okihiro (2000) and Modesto (2014)).
The PML basic idea resides in surrounding the interior domain by an absorbing layer that aims to
damp the potential energy of the scattered wave. It just defines a reflectionless material for elliptic
operators which absorbs the scattered wave without perturbing the interior solution. It does neither
depend on the propagation direction of the interior solution, see Trukel & Yefet (1998).
Figure 2.1: PML domain for a given harbor.
As depicted in figure 2.1, the absorbing layer is divided into four subdomains according the
bathymetry simplifications adopted in each one of them. Consequently, applying such method requires
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some idealization of the simulated domain. Using PML implies some reasonable simplifications on
the far-field bathymetry making it constant in that PML region and with only cross-shore variations
in the lateral PML regions. (see figure 2.1).
Where,
h(x, y) =

hL(y) if(x, y) ∈ ΩLxPML
hR(y) if(x, y) ∈ ΩRxPML
h0 if(x, y) ∈ ΩyPML ∪ Ωx,yPML
(2.5)
Consequently, the MSE problem should be reformulated for the PML as follows,
∇ · (ccgP∇u) + k2ccgsxsyu = f(x, y) in Ω, (2.6)
n · (ccgP∇u)− ikccgαu = 0 on ΓR, (2.7)
n · (ccgP∇u)− ikccgu = n · (ccgP∇u0)− ikccgu0 on ΓPML, (2.8)
where ∂Ω = ∂ΓR ∪ ∂ΓPML. Note that no Dirichlet boundary conditions are imposed. The non-
homogeneous source term f(x, y), used for accounting the incident wave and absorbing only the
scattered waves in the PML region, is defined as
f(x, y) =
 0 if(x, y) ∈ Ωint∇ · (ccgP∇u0) + k2ccgsxsyu0 if(x, y) ∈ ΩPML (2.9)
And finally,
P =
sy/sx 0
0 sx/sy

is the diagonal anisotropy matrix which defines the absorption in the PML and where sx = 1 + iσx/ω
and sy = 1 + iσy/ω are the absorption parameters in Cartesian directions. Notice that the absorbing
functions σx(x) ≥ 0 and σy(y) ≥ 0 are zero in Ωint.
Observe that the design of the PML area must respect the following conditions in order to accurately
represent the original semi-infinite domain:
i) ∇(ccg∇u) + k2ccgu0 = 0 in the PML region
ii) Absorption coefficients must be constant along the x direction in the ΩLxPML ∪ ΩRxPML ∪ Ωx,yPML
iii) Absorption coefficients must be constant along the y direction in the ΩyPML ∪ Ωx,yPML
Additionally, in consistence with the problem definition, continuity requirements thorough the full
domain are placed on the solution, its first and second derivatives.
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2.2 Proper generalized decomposition. PGD.
In this thesis the proper generalized decomposition (aka PGD) is the used technique for accelerating
the evaluation of multiple problems given a defined set of inputs. In the following sections it is
presented the development and application of this technique particularly adapted to the MSE problem.
2.2.1 The generalized MSE equation
Considering an incoming monochromatic wave field and, consequently, its frequency ω and the prop-
agation direction θ, the equation 2.1 can be formalized as follows. Notice that the wave height
(amplitude) of the incoming waves can be scaled for each frequency-direction solution. Thus, thanks
to the linearity of the problem, a 4D problem is defined being its variables ω, θ, and the spatial
coordinates (x, y).
Consider u(x, y, ω, θ) the water surface solution, where (x, y) ∈ Ω are the spatial coordinates, θ ∈ Iθ
is the propagation direction and ω ∈ Iθ is the incoming wave frequency.
A(u, δu) = L(δu), (2.10)
defining the non-hermitian bilinear form A(·, ·) and linear form L(·) as
A(u, δu) =
∫
Iθ
∫
Iω
a(u, δu;ω)dωdθ and L(δu) =
∫
Iθ
∫
Iω
l(δu;ω, θ)dωdθ, (2.11)
with a(·, ·;ω) biliniar and continuous form and l(·;ω, θ) linear bounded functional for all parameters
(ω, θ) ∈ Iω × Iθ. So Eq. (2.10) is the classical Helmholtz spatial weak form with the parameter
dependence explicitly indicated, which is defined as
a(u, δu;ω) = (k2ccgsxsyu, δu)Ω − (ccgP∇,∇δu)Ω + iα〈kccgu, δu〉ΓR + i〈kccgu, δu〉ΓPML (2.12)
and
l(δu;ω, θ) = (s, δu)Ω + 〈n · (ccgP∇u0)− ikccgu, δu〉ΓPML (2.13)
where (·, ·)D denotes the L2 scalar product (for complex functions) in D and 〈·, ·〉B also denotes the
L2 scalar product of teh traces over B.
Solving the 4D problem with standard discretization techniques implies the crucial difficulty of
an exponential growth of DoF. On the contrary, the reduced order method introduced next is able
to effectively approximate the generalized solution of Eq. (2.11) with only 2D computational cost.
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The method for computing numerically the generalized solution of the MSE used in this thesis is the
Petrov-Galerking development (PG-PGD).
2.2.2 Solving the Generalized MSE using the PG-PGD
Let us take un as the test function for approximating the solution of the generalized MSE equation,
so that
u(x, y, ω, θ) ≈ un(x, y, ω, θ) =
n∑
m=1
Fm1 (x, y)F
m
2 (ω)F
m
3 (θ) (2.14)
Observe that it allows to deal with n-rank separated forms of the wave field. What is precisely done
by the PGD approach is to determine separately those unknown functions Fm1 , F
m
2 and F
m
3 for
m = 1, · · · , n, being n the necessary number of terms for approximating effectively the solution in
the given domain. It must be noticed that PGD is an ”a priory” method because this runs without
knowing the behavior of the solution function u. And, it has to be also observed that once the
functions Fmi are known, the evaluation of different combination of input variables values is just a
linera combination of them. This is the key point of the real-time computation of the PGD approach.
In the PGD, each term m is usually evaluated sequentially by means of a greedy algorithm
un(x, y, ω, θ) ≈ un − 1(x, y, ω, θ) + Fn1 (x, y)Fn2 (ω)Fn3 (θ) (2.15)
where un − 1(x, y, ω, θ) is already known and Fni are the separated functions of the unknown terms.
By replacing the Eq. (2.15) in (2.10), the resultant problem is
A(F1F2F3, δu) = L(δu)−A(un−1, δu) (2.16)
where computing the Fi means solving a non-linear problem.
As done for solving other numerical problems, once the non linear problem is posed, the next step
is to find an optimum efficient method for linearizing the problem. For various efficiency reasons, see
Modesto 2014, the chosen approach for facing this problem is the Petrov-Galerkin PGD algorithm.
By substituting the test function δu by δu¯ in the Eq. (2.15) it is obtained
A(F1F2F3, δu˜) = L(δu˜)−A(un−1, δu˜) (2.17)
where
δu˜ = δF˜1F˜2F˜3 + F˜1δF˜2F˜3 + F˜1F˜2δF˜3 (2.18)
and F˜1(x, y),F˜2(ω) and F˜3(θ) are the unknowns obtained from solving the auxiliary problem
A(δu, F˜1F˜2F˜3) = A(δu, F1F2F3)Ω×Iω×Iθ (2.19)
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being
δu = δF1F2F3 + F1δF2F3 + F1F2δF3. (2.20)
Notice that the equations (2.17) and (2.19) define a non-linear system of the couples of functions
(F1, F˜1), (F2, F˜2) and (F3, F˜3) that can be approximated by using a fixed point algorithm thanks to
the separable representation of δu˜ and δu. Consequently, the iteration must follow the next three
stages:
(i) Assuming that the couples (F2, F˜2) and (F3, F˜3) are known, compute the 2D linear problems to
determinate (F1, F˜1) ∈ H1(Ω), for all (δF1, δF˜1) ∈ H1(Ω) satisfying
A(F1F2F3, δF˜1F˜2F˜3) = L(δF˜1F˜2F˜3)−A(un−1, δF˜1F˜2F˜3)
A(δF1F2F3, F˜1F˜2F˜3) = (δF1, F1)Ω(F2, F2)Iω (F3, F3)Iθ
(2.21)
After solving (2.21), the pair of functions (F1, F˜1) are L2 normalized.
(ii) Assuming then that (F1, F˜1), computed in (i) and (F3, F˜3) are known, compute two 1D linear
problems to evaluate (F2, F˜2) ∈ L2(Iω, for all (δF2, δF˜2) ∈ L2(Iω) satisfying
A(F1F2F3, F˜1δF˜2F˜3) = L(F˜1δF˜2F˜3)−A(un−1, F˜1δF˜2F˜3)
A(F1δF2F3, F˜1F˜2F˜3) = (F1, F1)Ω(δF2, F2)Iω (F3, F3)Iθ
(2.22)
After solving (2.22), the pair of functions (F1, F˜2) are L2 normalized.
(iii) Assuming then that (F1, F˜1) and (F2, F˜2) are known from previous steps. The functions
(F3, F˜3) ∈ L2(Iθ, are found for all (δF3, δF˜3) ∈ L2(Iω) solving
A(F1F2F3, F˜1F˜2δF˜3) = L(F˜1F˜2δF˜3)−A(un−1, F˜1F˜2δF˜3)
A(F1F2δF3, F˜1F˜2F˜3) = (F1, F1)Ω(F2, F2)Iω (δF3, F3)Iθ
(2.23)
After convergence of this three steps, F1, F2 and F3 are known and F˜1, F˜2 and F˜3 are no longer useful
since were auxiliary functions used for finding the value of each Fi .
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3 Harbor operation analysis
As mentioned in the introduction of this work, the main purpose here is the development of a manage-
ment tool basis which allows maritime engineers to monitor the operability of a harbor. Obviously, the
contribution of this work is the real-time evaluation of the economic impact driven by the operation
conditions.
In this chapter, both technical and economical aspects of the proposed methods are explained.
Firstly, they are explained the statistical pre-processes for characterizing the input data used in the
evaluations of the different computation cases. Secondly, all the details of the post-process modules
are deeply presented. This section also presents the processes used for analyzing the engineering
quantities that drive the economic impact evaluation. At the end, two business plan are constructed
and designed accordingly to realistic exploitation models of marines and commercial harbors.
3.1 Pre-process. Storm statistics and spectrometry
After being identified the input variables which drive the MSE problem, the next step is to define the
pre-processes used for the mathematical treatment of these inputs.
Given a defined harbor geometry, its bathymetry and the diffraction coefficients that characterize
the harbor boundaries, the only input variables needed for are those that identify the incident wave
field. As explained before, the variables that define an incident wave field are the wave propagation
direction θ, the propagation frequency ω and its amplitude A0. Nevertheless, as suggested in the
introduction of this work, sea water dynamics cannot be treated as a unique regular incident wave.
Consequently, it has been developed a widely known methodology for sea wave fields characterization:
the spectral analysis.
The most used spectra for harbor design is the energy spectrum and it can be understood as
a function of the amount of energy carried by each monochromatic wave. In maritime engineering,
spectra are used for collecting or summarize the specific features of a real sea clime. Once the spectrum
of an incident wave field is computed, they can be identified the different incident monochromatic
waves and the energy associated with their propagation conforming the observed group of waves.
Thus, it is quite easy to understand the potential of computing the sea spectrum which reaches a
harbor for analyzing its operation conditions. For this reason, before describing the approaches used
to analyze the level of agitation inside harbors,the statistical processes for obtaining sea spectra used
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in the evaluations of the different computation cases are presented.
3.1.1 The wave and the energy spectra
Given a spatial spot in the sea with coordinates (x0, y0), it can be recorded the variation of the sea-
surface elevation η(x0, y0, t), during a period of timeD. This variation is generated by the transmission
of the energy of the incident wave field through the sea water. Let us consider (x0, y0) = const, thus
η(x0, y0, t) ≡ η(t), for a first development.
Figure 3.1: Registration of water surface elevation in a given point during a period of time D
The definition of the wave spectrum that can be founded in most of theoretical books is usually the
formal definition of the variance density spectrum S˜∗(ω). This is based on the Fourier Transform of
the auto-covariance function of the sea-surface elevation and it shows the distribution of the variance
of registered wave amplitudes over the frequencies.
S˜∗(ω) =
∫ +∞
−∞
C(τ) cos(2piωτ)dτ ∀ ω ∈ (−∞,+∞) (3.1)
where the auto-covariance function C(τ) is defined as the average product of the elevations at moments
t and t+ τ each relative to its mean.
For stationary processes, the value of t is not relevant (by definition all statistical characteristics are
then constant in time) and the auto-covariance function depends only on the time difference τ .
C(τ) = E{η(t)η(t+ τ)} for E{η(t)} = 0 (3.2)
For a stationary wave condition, both S˜∗(ω) and C(τ) are even functions, S˜∗(−ω) = S˜∗(ω) and
C(−τ) = C(τ). The variance density spectrum S∗(ω) is then defined as
S∗(ω) = 2S˜∗(ω) for ω ≥ 0 (3.3)
This definition of the variance density spectrum based on the auto-covariance function, is not used
very often because the corresponding computations (first, of the auto-covariance function and then
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its Fourier transform) are rather inefficient compared with the calculation of the amplitudes directly
from a wave record. Next it is presented a more practical approach for computing first the variance
density spectrum and then the energy spectrum.
According to Holthuijsen (2007), it is proven that water surface elevation can be exactly reproduced
as a large sum of harmonic wave components -a Fourier series- or what is the same, it can be said that
water surface elevation is a combination of monochromatic waves that are propagating at the same
moment in the same spatial location. Then, a record of duration D of the water surface elevation can
be expressed as
η(t) =
N∑
i=1
Ai cos(2pi · ωi · t+ αi) (3.4)
where Ai and αi are the amplitude and phase, respectively, of each frequency ωi = i/D (i =
1, 2, 3, · · · ); the frequency interval is therefore ∆ω = 1/D. Notice that ωi = 2pi · fi.
Consequently, with a Fast Fourier Transform algorithms (see Stojanovic´ (2006)) they can be deter-
mined the values of the amplitude and phase for each frequency and this would give the values of the
amplitude spectrum SA(ω) and phase spectrum Sα(ω) for this record for each ωi.
SA(ω) ≡ {ωi, Ai} Sα(ω) ≡ {ωi, αi} (3.5)
Observe that by substituting these computed amplitudes and phases into (3.4), it can be exactly
reproduced the analyzed record.
Notice that, as proven in Holthuijsen (2007), phases have no relevant impact on the physical solution,
hence they are neglected. In the next steps the SA(ω) is the only spectrum considered.
If repeating the experiment, (i.e. measure the surface elevation again under statistically identical
Figure 3.2: Water surface elevation record and its SA(ω) Sα(ω)
conditions; in an exact copy of the storm in which the first observation was made), the time record
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would be different and so would be the amplitude spectrum.
To remove this sample character of the amplitude spectrum, the experiment should be repeated M
times and should be taken the average over all these experiments results. Doing that, the resultant
set of harmonic amplitude averages can be identified as the Average Amplitude Spectrum SA¯(ω)
SA¯(ω) ≡ {ωi, A¯i} A¯i =
1
M
M∑
m=1
Ai,m (3.6)
where Ai,m is the value of Ai in the experiment with sequence number m.
However, it is more meaningful to distribute the variance of each wave component 12 · A¯2i . There are
two main reasons for doing that.
i The variance is a more relevant statistical quantity than the amplitude.
ii The linear theory for surface gravity waves shows that the energy of the waves is proportional to
the variance.
Thence, the Variance Spectrum is defined as
SV (ω) ≡ {ωi, 1
2
· h¯2i } (see the Formal Consideration at the end of the section) (3.7)
Above all, all frequencies are present in natural wave fields and this is just a discrete representation
of sea variance spectrum.
To solve this problem, variance is first distributed over the frequency intervals, giving a variance
density defined as 12 · A¯2i /∆ω at each frequency. Thus all frequencies are represented because they
have a variance value density assigned. Secondly, if the frequency interval ∆ω → 0, the variance
spectrum or better the variance density spectrum, SD(ω), is continuously defined
1
SD(ω) = lim
∆ω→0
1
∆ω
· E{1
2
A¯2i } (3.8)
It is proven that the variance density spectrum gives a complete description of the surface elevation
of ocean waves in a statistical sense, provided that the surface elevation can be seen as a stationary
Gaussian process. What implies that all statistical characteristics of the wave field can be expressed
in terms of this spectrum.
1Notice that E{•} stands for the expected value of • .
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At the end, it must be observed that waves energy can be expressed in terms of the variance of the
surface elevation. This is because the energy of a harmonic wave (per unit horizontal ocean surface
area) is equal to the mean-square elevation times the gravitational acceleration g and the density of
water ρ, so the total energy is
S(ω) = ρg · SD(ω) (3.9)
Finally, concerning the spectral domain, notice that the variance density 12 · A¯2i /∆ω defined above
in terms of angular frequency ω can equally be formulated in terms of linear frequency f = ω/(2pi).
Then, the corresponding spectrum SD(f) is then defined in the same manner as SD(ω). These
spectra are obviously related, but it must noticed that the total variance η¯2 should be conserved in
such transformations
η¯2 =
∫ ∞
0
SD(ω)dω =
∫ ∞
0
SD(f)df (3.10)
which is imposed by taking SD(ω)dω = SD(f)df .
Formal consideration. The variance of sea surface elevation.
The variance of the surface elevation η(t) is, by definition, the average of the squared surface elevation
(relative to its mean) η¯2 (the overbar indicates timeaveraging). For a harmonic wave with amplitude
A, the variance is η¯2 = 1/2 · A2. For the presented development, a large number of harmonic waves
is added and the variance of this sum, i.e., the sea surface elevation η(t), is equal to the sum of the
individual variances. Notice that the variance of the sum is the sum of the variances
η¯2 = E{η¯2} =
N∑
i=1
E{1/2 · A¯2} for E{η} = 0
3.1.2 The directional Spectra
Once defined the variance density spectrum at one spatial spot, let us extend that definition to the
3D moving waves by treating the spatial coordinates x and y as variables. In this case, water surface
elevation can be expressed as a sum of harmonic waves -Fourier series- in terms of frequencies ω and
propagation directions θ
η(x, y, t) =
N∑
i=1
M∑
j=1
Ai,j cos(ωi − kix cos(θj)− kiy sin(θj) + αi,j) (3.11)
where kj = 2pi/Li is the wave number, and Li is the length of the i− th harmonic of the sum. Notice
that the sub-index of the wave number k is the same that frequency’s one. Because of it is considered
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that k is related to ω thanks to the dispersion relationship of the linear theory for surface gravity
waves (see equation 2.2).
By following the same development presented above, the discrete directional amplitude spectrum
can be transformed into a continuous directional variance density spectrum, so that for all i and j
SD(ω, θ) = lim
∆ω→0
lim
∆θ→0
1
∆ω∆θ
E{1/2A¯2i } (3.12)
As a last formal consideration, it must be observed that the variance density spectrum can be directly
obtained by integration of the directional variance density spectrum.
SD(ω) =
∫ 2pi
0
SD(ω, θ)dθ (3.13)
Observe that for computing those Ai,j following the technique presented above, it is needed to
know η(x, y, t) in the analyzed area. This would be possible by having a fixed buoy in each point
(x, y), or, as it is done in other disciplines, by having satellite pictures of waves movement per unit of
time. Nevertheless, in maritime engineering context some different approaches have been developed
for computing directional spectra numerically. The most commonly used is the spreading function
approach.
As it is done with the water surface elevation, given an incident wave field it is possible to register
the wave propagation direction in function of time. By prepossessing this information as done in
the case of water surface elevation, a direction spectrum -or formally a spreading function- can be
computed. Analogously for the SD(ω), the spreading function D(θ) can be computed.
Once D(θ) is known, it can be directly computed the two-dimensional directional spectrum SD(ω, θ)
by
SD(ω, θ) = SD(ω) ·D(θ) (3.14)
Also in this case, all wave statistical characteristics are represented by this directional variance density
spectrum. Observe that the energy directional spectrum can be obtained by multiplying this spectra
by ρg.
Finally, notice that for computational efficiency and/or for solving the problem of having not
available data, engineers have designed standard synthetic energy spectra and synthetic spreading
functions. These can be used for creating synthetic storms spectra that perfectly represent sea wave
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characteristics. The most common synthetic spectra and spreading functions are presented in the
appendix of this document.
3.2 Post-process. Full incident wave field range analysis
3.2.1 Monochromatic analysis
As explained in section 1.1, harbor agitation analysis are currently developed by analyzing the worst
wave propagation scenarios for a given harbor geometry. Due to the high computational cost of cal-
culating all possible water surface elevations, maritime engineers generally identify those worst wave
directions and periods and then valuate each computed scenario effect taking into account the harbor
operation tasks.
Accordingly, given the spatial coordinates of a harbor geometry, (x, y) ∈ Ω ∈ R2, its batimetry
z ∈ R, an incident wave direction of propagation and its frequency, θ and ω, it can be solved the
particular MSE problem (see eq. (2.1)) for these variables, computing the resulting water surface
elevation u(x, y, ω, θ) ∀ (x, y) ∈ Ω.
Following this approach, it is assumed that the worst incident wave directions and periods are
identified a priory. Nevertheless, because of the non-linearity of the MSE problem, predeffining the
value of these variables can drive us to an underestimation of the possible wave agitation scenarios.
Using the real-time wave monitoring strategy, the computation of the water surface elevation
of u(x, y, ω, θ) becomes a simple evaluation of the generalized MSE problem. Consequently, the
computational cost of each computation of u(x, y, ω, θ) has notably being reduced.
Let us assume that given a harbor geometry, its boundaries diffraction conditions and its incident
wave field domains -Iω and Iθ-, it can be computed the reduced base of this problem. Let us identify
then Iω as the physically possible wave frequencies (or periods) domain and Iθ as the range of wave
propagation directions that may have an impact in the harbor area.
Discretizing the frequency and the direction ranges and then evaluating all the different combina-
tion cases of ωi ∈ Iω and θj ∈ Iθ, it can be obtained a family of water surface elevation solutions
ui,j ≡ u(x, y, ωi, θj), which are the solutions of the n×m MSE possible problems.
Notice that taking into account the hard non-linearity of the MSE problem solution and the ag-
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itation resonance phenomena (depending on the harbor geometry and incident waves), the more
discretised are the frequency and directions domains, the more precises is the final output of the
analysis.
Hence, taking ui,j and defining Ω0 ∈ Ω as the interest area, which is being analyzed, and hlim as the
maximum water surface elevation in that area, they can be identified the pairs of values (ωi, θj) that
generate water surface elevations in Ω0 that overpasses hlim. These over-passing cases will be known
as non-operative scenarios and they can be associated to harbor agitation problems.
Using ui,j values, it can be defined an indicator of the tendency of being under non-operative
scenario conditions in the analyzed area,
Non-Operation Indicator: Ia =
na
n×m (3.15)
where na is the number of cases where the water surface elevation exceeds the hlim in Ω0 and
n×m is the total number of evaluated cases. According to maritime engineering best practices, the
representative quantity of the water surface elevation in a given area will be taken as the significant
wave height in that area, hs,Ω0 . Observe that Ia is not the probability of being under a agitation
scenario, it is just the number of computed cases that do not respect the limit condition over the
total number of computed cases. Apart from the Ia, other useful outputs can be obtained from the
Figure 3.3: Monochromatic significant wave height histogram. Ia highlighted in red.
monochromatic analysis. Fore instance, using the uij solutions of the water surface elevation problems
can be computed the monochromatic wave significant height histogram in a predefined interest area,
which give us significant information about the most common wave significant height in an area,
strictly related with the level of agitation in that area.
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Following the same approach, it can be displayed the significant wave height in the analyzed interest
area in function of the input variables ω and θ. In this case it is a useful tool for identifying those
incident wave fields that generate a worst agitation scenario in the area.
To conclude, observe that using the data depicted in the monochromatic significant wave height
histogram and imposing hlim,i, where i denotes the area of analysis, it can be computed the number
of hours of service that this area i will be in non-operative conditions under an hypothesis of having
an uniform distribution of probability of the monochromatic incident wave fields; this will be treated
more carefully in the section 3.2.3.
In brief, the proposed monochromatic analysis lets analyze a larger sort of data than traditional
methods do, including many more different possible scenarios with an insignificant computational cost
per evaluation and reducing drastically the risk of underestimating possible sea-clime not considered
in the worst scenarios hypothesis. Furthermore, this analysis supports significantly project engineers
identifying those directions and periods that may generate an agitation scenario for the simulated
domain and conditions.
Nonetheless, it has to be said that the incident wave fields that reach harbors are not composed
by one monochromatic wave field but by a superposition of many of them. Consequently, taking into
account the insignificant computational cost of each MSE evaluation, a multi-frequency and multi-
directional analysis would drive to a more precise estimation of the agitation of the harbor sea. This
will be presented in the next section.
3.2.2 Multi-frequency and multi-directional analysis
Following the scope of computing the water surface elevation in a given harbor, in the next para-
graphs it is presented a methodology for combining the different monochromatic MSE solutions for
simulating the real water surface elevation inside a harbor.
Sea waves can be described with a directional wave spectrum that undertakes the assumption that
oceanic waves pattern is the superposition of an infinite number of monochromatic waves. Conse-
quently, being able of computing the monochromatic solutions ui,j ∈ Ω of infinite incident wave fields,
it can be obtained the diffracted directional wave spectrum in Ω that represents all those water surface
elevations. This is what was proposed by P. Kumar & Yuen (2015). Nevertheless, even though his
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proposal was both mathematically and physically accurate and demonstrated by different academic
tests, it was not possible to use it out of an academic context due to the high computational costs of
computing these infinite monochromatic solutions.
Thanks to real-time techniques approach, evaluate a large number of incident wave fields it is no
longer a problem. It is for this reason that this work proposes a multi-frequency and multi-directional
method for simulating the water surface elevation inside harbors giving a more precise solution than
the traditional monochromatic approaches.
Given a spatial bounded domain (x, y) ∈ Ω, its bathymetry z, the absorption coefficients in its
boundaries and an incident wave field with direction θ and frequency ω, it can be computed the
diffracted water surface elevation u(x, y, ω, θ) ∈ Ω. Assuming that Sinc(ω, θ) is the incident wave
spectrum, which represents all the incident monochromatic wave fields, it can be computed the
diffracted wave directional spectrum in each point (x, y) of the domain Ω as
Sdfr(ω, θ, x, y) = Sinc(ω, θ) ·R2dfr(ω, θ, x, y) (3.16)
where
Rdfr(ω, θ, x, y) =
u(x, y, ω, θ)
u0(x, y, ω, θ)
(3.17)
is the wave diffraction coefficient.
Notice that once the diffracted directional wave spectrum is computed in each point of the domain
Ω, different spectral properties that identify the wave field in each point (x, y) can be computed. As
done before, the significant wave height is taken as the representative indicator of the water surface
elevation in each point, thus according to Techet (2005),
hs(x, y) ≈ 4
√∫
Sdfr(ω, θ, x, y)dωdθ ∀(x, y) ∈ Ω (3.18)
Thus, as for the monochromatic case, knowing Sdfr(ω, θ, x, y) it can be identified the areas of the
harbor that have significant wave height hs that reaches hlim.
To define a statistical quantity such as the presented Ia (monochromatic non-operating indicator)
is not a direct computation for the polycrhomatic problem. Both situations are analyzed next.
In the monochromatic approach, the incident spectrum S(ω, θ)inc is discretized both in the wave
direction and in the wave frequency giving n×m problems with n×m different incident wave fields.
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Consequently the resulting solutions are computed an there are identified those which generate a water
surface elevation that exceeds the hlim in the area of interest. Then again, for the multi-frequency and
multi-directional case, once obtained the incident wave spectrum S(ω, θ)inc, it discretized and there
are computed the possible n×m combinations. Nevertheless, in this case all those resulting solutions
are merged together for computing the diffracted wave spectrum. And at last, it is computed the
water surface elevation as a superposition of all the m× n evaluations.
MONO: Sinc(ω, θ) → ωi, θj → ui,j solutions
POLY: Sinc(ω, θ) → ωi, θj → ui,j solutions → Sdfr(ω, θ, x, y) → 1 sol. u(x, y)
For the multi-frequency and multi-directional approach, it makes no sense to compute the Ia, where
there is only one final result. Nevertheless, other indicators -concerning different incident wave fields-
can be computed. For instance, using this approach it can be monitored in real-time the water surface
elevation given an incident wave spectrum that is constantly updated. This represents a powerful
tool for harbor operations management at field that could be used for deciding if stop or not the
operation in a certain area of the port.
Finally, it must be said that using this superposition of monochromatic solutions drives us to an
accurate simulation of real water surface elevation, which improves notably the identification of water
surface elevations over the area limitations, see P. Kumar & Yuen (2015).
3.2.3 Computing the probability of being in an agitation scenario
Previously, it is explained how to compute and identify whether a predefined area of a harbor is under
non-operative conditions or not. Nevertheless it is not ever explained how to compute the probability
of being in one of these situations given a certain harbor and its sea clime characteristics.
Assuming that the historical incident wave frequencies and directions have been recorded and are
representative of the sea clime in the analyzed port, it is possible to compute a Probability Mass
Function (PMF, see Watkins (2009)) of the different variables that characterize the feasible incident
wave fields as
fX(x) = Pr(X = x) which implies
∑
x∈Q
fX(x) = 1 X : S → Q (3.19)
where the value of fX(x) is the probability of having X = x, where X is treated as a discrete random
variable defined in the sample space S.
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For instance, given a certain harbor in which are known the couple of values (ω, θ) for each incident
wave 2, it can be defined the PMF of the pair (ω, θ) as
fW,D(ω, θ) = Pr(W = ω,D = θ) = Pr({W = ω} ∩ {D = θ}) (3.20)
where fW,D(ω, θ) is the probability of having an incident wave propagating in the direction ω and
with the frequency θ.
Following the previous developments, it can be estimated the probability of being in a non operative
scenario as
Pa = Pr(Z(uΩ) > hlim) =
∑
i,j
Gi,j · fW,D(ωi, θj) (3.21)
where
Gi,j =
 1 if Z(uΩ)i,j > hlim0 if Z(uΩ)i,j ≤ hlim (3.22)
and Z(·) is an operator which takes the water surface elevation solution in the harbor uΩ and com-
putes the required indicator depending on the analysis developed. In this thesis the most commonly
used operators represented by Z are the following
Minimum water surface elevation in the area Ω0: Z(u) = min(u(x, y, ω, θ))
Maximum water surface elevation in the area Ω0: Z(u) = max(u(x, y, ω, θ))
Significant wave height in the area Ω0: Z(u) = hs(u(x, y, ω, θ))
Root-mean-square wave height in the area Ω0: Z(u) = hrms(u(x, y, ω, θ))
Averaged water surface elevation in the area Ω0: Z(u) = h¯(u(x, y, ω, θ))
Schematically, the computation of the operability of being in an agitation scenario will be done as
follows:
i. Compute the PMF of the incident frequencies and directions from the historical data
ii. Identify the feasible range of frequencies and directions that may have impact to harbor operation
iii. Compute the harbor response to all the feasible incident wave fields
iv. Identify which of the simulated responses generate a water surface elevation in the critical areas
that exceeds the imposed limit
2Notice that processing the signal recorded by a directional sea buoy using Fourier series analysis, it can be known
the number of waves coming with each possible pair of values (ω,θ), see (Holthuijsen, 2007).
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v. Obtain the total probability of being in an agitation scenario by adding the probabilities of the
different cases where the simulated solution exceeds the limit
Figure 3.4: Wave significant height histogram, Ia highlighted in red. Probability wave significant
height histogram, Pa highlighted in yellow.
This probability can be computed both for the monochromatic and multi-frequency/multi-directional
results, however, in the following sections it is going to be considered only for multi-frequency and
multi-directional analysis.
3.3 Development of the economic management module
Both in little semiprivate marines and in big commercial ports, the productivity is measured com-
puting the number of operations completed per unit of time. These two families of infrastructures
-the marines and the commercial harbors- are characterized for the nature of the activities developed
in each one. But independently of its activities nature, the operations that can be completed inside
them are totally related with the interaction of sea clime with those infrastructures. According to
the literature, given a harbor geometry and its operative protocols, the variable that drives harbor
operation is the level of agitation inside the port.
Consequently, the implemented analysis methods empower drastically the existent harbor monitoring
tools. Basically, if it is possible to compute the number of hours of operation of a certain harbor in
function of its geometry, its technical parameters and the historical data of incident wave fields, it
can be computed the profitability of this infrastructure in terms of operation efficiency. In the next
sections, they are explained different harbors exploitation models and designed business plans for com-
puting revenues and cost streams for valuating the impact of agitation in the economic profitability
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of harbors.
3.3.1 Marinas exploitation model
Commercial goal definition
Essentially, a marina can be defined as a harbor, or a part of it, specially designed for mooring pleasure
yachts and small boats. Yet, it has to be said that with the popularization of sailing activities a wide
range of maritime services industry has been developed around this private infrastructures. It is
because of this that current marines’ business models are not only related with the harbor operation
but with also the benefits that generate the facilities that harbor’s management companies offer to
its clients.
Whether a marina is managed by a public administration or by a private investor, its structure
always follows a general exploitation model. In the following paragraphs it is proposed a general model
according to different national and international marines, concretely Port Forum marina (Barcelona),
Port Olimpic marina (Barcelona), Ondarroa marina (Euskadi) and Washington DC Marina’s market
study.
Driving variables identification
Given a harbor understood as a service provider, the main variables that guides its profitability are
first the occupation rate (q) defined as demand over offer and second the number of operative hours
of the harbor (function of the waves significant height, hs). Apart from this two main variables, there
are other secondary variables that relate occupational rate and operability with revenues and costs
streams, nevertheless all them are dependent of the operation level and occupation of the port. Once
identified this main variables, they can be enumerated the revenues and the costs streams.
Revenues and Costs streams
Marina Rentals Revenues (wet an dry) The main incomes of a marina’s exploitation are the
docks rentals. It has to be said that in function of the harbor characteristics there are more or
less typologies of mooring areas. Also, it can be considered the dry marina rents, but in this
second case there is no direct interaction between the harbor water agitation and incomes from
those rents.
Slipway Rentals Revenues Another economically notable activity that take place daily in marinas
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is reparation and maintenance of the moored boats. This activities take place in dry areas so
it is needed to take the boats out of the water. This operation is developed in the slipways.
According to the business model references, slipways operations are paid per hours of operation
and their cost depends on the size of the boats that are moved. Operation will be completely
stopped if wave height reaches a limit threshold imposed by the harbor operating companies.
Harbor facilities Revenues In this case there are considered the revenues that come from services
offered to harbor clients. For instance, they incorporate water and electricity provided to the
docked ships, boat refueling facilities, maintenance and reparation services, cars parking, etc.
Depending of its nature, either harbor demand or water agitation may impact to this different
activities.
Properties and other rights rentals Usually, harbor management firms allocate some physical
areas of their harbors to third parties organizations. In this cases this companies can rent this
locations or can need to pay fees per operation done. It has to be said that there is a wide range
of activities that can be done in a harbor area, hence this revenues stream can vary totally in
function of the modeled harbor.
Grant incomes - Storm damage As in many other field that depend on uncertain variables, in
maritime management it is really common to pay an insurance for mitigate storm damage. In
that instance, it will be considered that a predefined quantity of money is given to the harbor
management in function of damage done by the incident storms.
Salaries and wages This costs will be divided in two types depending on either they are fixed or
variables costs. According to the literature, variable costs are function of the need of the harbor
management and it will strictly depend on the level of occupation.
Ordinary repairs and maintenance In this group are considered all the daily reparation and
maintenance costs. Even though they mainly depend on harbor occupation there is a inversely
proportional relation with the number of operations that have place in the port, for example
the maintenance of cranes regarding operating deterioration will be lower if the number of
operations done is inferior than a normal situation.
Repairs and maintenance storm damage In case of high water agitation the costs of mainte-
nance will increase. This is valuated and calibrated using the historical data that harbor man-
agement have about agitation scenario costs. Apart from that, in marinas there is a high risk
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of damaging the docked boats, hence, repairs and maintenance of extraordinary boat damages
is also accounted in this group of costs. The boats damaging risk is primarily controlled by the
level of agitation of the harbor waters and by the number of boats moored in the port.
Rent concessions Usually harbor management includes using third parties assets. This family of
costs is labeled as concessions and it is considered a fixed cost.
Other operating costs Apart from the main activities costs, there might be other operating costs
which include all those activities not considered in the groups before.
Insurance payment - Storm damage This costs concerns all about insurances payment to ensure
the cash flow for mitigate possible storm damage costs. This fees are constant in function of
the level of coverage that is wanted for the harbor in case of storm.
3.3.2 Commercial harbors exploitation model
Commercial goal definition
In contrast, commercial harbors are massive infrastructures whose main revenues stream comes from
the exchange of goods. In this harbors people transportation can be considered as another normal
exchange of merchandising and, on the contrary of marinas, it can be a non relevant or nonexistent
revenues stream.
Considering the European standards for harbor design it should be noticed besides structural
verification, the easy operation of those infrastructures is one of the principal design constrains.
Then, the analysis of harbor agitation have even more relevance than in leisure activities ports.
As said, the principal business model of these infrastructures is based on the goods exchange and
transfer form sea to land-side distribution channels. In consequence, the number of goods transfers
sea-land and land-sea is totally dependent on the operation level of the port. In this case there are
need huge logistics parks that usually are dealership models with third parties (see Rodr´ıguez (2013)).
In this case, the profitability valuation is done form a global point of view, non considering the
public administration or property benefits from concessions. For global profitability valuation is
understood the accountability of total revenues generated by all operations confronted with the those
pertinent costs.
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Driving variables identification
In commercial harbors the number of operations, i.e. the operation level, is the only variable that
drives the profitability of the port. It is obvious that, as in marinas case, the occupation rate of the
harbor has also an influence in the profitability of this infrastructures, however, it has to be considered
the harbor design is always approached from a point of view of minimizing the wait time of freighters,
thus is intrinsically assumed that the level of occupation is rarely under the 95%, according to ROM2.0
(2011) and European standards best practices for harbor design.
Revenues and Costs streams
In table above the main activities families are listed and classified following the European Standards.
Due to the specific characteristics of each commercial ship needs, it has been followed the ship’s cargo
criteria for identifying the operative revenues and costs streams.
acronym description
S3,r & S3,c Maneuvering and berthing assistance revenues
S4,r & S4,c Loading and unloading operations revenues and costs of oil-tankers
S5,r & S5,c Loading and unloading operations revenues and costs of bulk carriers
S6,r & S6,c Loading and unloading operations revenues and costs of liquefied gases tankers
S7,r & S7,c Loading and unloading operations revenues and costs of merchant and fishing vessels
S8,r & S8,c Loading and unloading operations revenues and costs of container ships
S9,r & S9,c Loading and unloading operations revenues and costs of container ro-ro ships and ferries
S10,r & S10,c Loading and unloading operations revenues and costs of transatlantic and cruise liners
S11,r & S11,c Loading and unloading operations revenues and costs of fishing boats (fresh fish)
Table 1: Commercial harbors operative activities
Three more considerations must be done regarding commercial harbor business model.
- If commercial harbors have a dedicated area for marina/leisure activities purposes, marina rentals
revenues will be considered as explained in the section 3.3.1.
- Each type of ship has a dock’s rentals revenues that will be identified by the acronym Si, where i
identifies the family of ship. Harbor access taxes are included in this quantity.
- Apart from the operative characteristics, the general or non-specific economic streams are the same
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considered for the Marina’s Business Model.
In the implemented cost function it has been considered the two typologies of exploitation models
as a global unique model. Nevertheless, all the particularities exposed previously for the different
commercial activities are perfectly identified and considered in the definition of the various cost
function terms. In the graphic below it is depicted the idea of global model where the general
costs/incomes are grouped together and the specific ones too.
Once identified all the drivers that are generally considered for valuating and computing harbors cash
flow, a cost function has been implemented. In the following section are exposed all the details of
this function and its terms.
3.3.3 Cost function definition
The cost function of the modeled problem is defined as an addition of different summands that account
the costs and the revenues of harbor business models. As said before, all these terms are function of
the harbor’s occupation ratio q and of the level of agitation inside the port. Following harbor design
best practices, it is considered the wave significant height as the engineering variable which indicates
the quantity of energy that is carried by harbor waves. To simplify the notation, the wave significant
height is identified as h in the business model.
Hence, notice that the cost function f is defined as f : R2 → R, where the input variables are q and
h. Besides, the input parameters are all quantities and coefficients which characterize the modeled
harbor which will be described next.
Finally, the output of f(h, q) is the free cash flow (FCF) that will generate the modeled harbor
exploitation per year in function of the different inputs.
Accordingly,
f(h, q) = Rg(h, q) +Rs(h, q) + Cg(h, q) + Cs(h, q) (3.23)
where general revenues Rg and the general costs Cg are
Rg(h, q) =Fr(h, q) +Rr(h, q) +Gr(h) (3.24)
Cg(h, q) =Wc(q) +Mo,c(q) +Ms,c(h) + Cc(q) + Ic +Oc(q) (3.25)
being, Fr Harbor facilities revenue, Rr properties and other rights rentals revenue, Gr grant incomes
for storm damages, Wc salaries and wadges costs, Mo,c ordinary repairs and maintenance costs, Ms,c
Real-time analysis of incident wave fields impact to harbors operation 29
repairs and maintenance costs for storm damages, Cc rent concessions costs, Ic insurance payment
costs and Oc other operating costs.
By the other hand, the specific revenues Rs and costs Cs are:
Rs(h, q) =
11∑
i=1
Sr,i(h, q) Cs(h, q) =
11∑
i=1
Sc,i(h, q) (3.26)
that according to the previously defined quantities, S1 stands for marina rental revenues, S2 for
slipway rentals revenues, S3 stands for maneuvering and berthing assistance revenue, and from S4 to
S11 stand for the revenues and costs of loading and unloading operations for each type of operating
ship (S4: oil-tankers, S5: bulk carriers, S6: liquefied gases tankers, S7: merchant and fishing vessels,
S8: container ships, S9: ro-ro ships and ferries, S10: transatlantic and cruise liners and S11: fishing
boats).
Once defined the general structure of the problem cost function, they are presented the formulations
used for computing the different values of all quantities that integrate f .
Auxiliary functions
Before defining all different summands which determine the value of f , it should be introduced two
auxiliary families of functions that are used for computing both the revenues and the costs. These
functions, A(h) and B(q) both f : R → R, take a value between [0, 1] and are thought for adjusting
separately revenues and costs dependence on h and q.
Even though there are some practical examples about the definition of A(h) and B(q) in chapter
4, it has been decided to leave those functions totally adjustable to users need. Hence, the user
must define discretely those functions by introducing for each case the values of the variable and the
corresponding function value. By default, this functions take the value 1.
Revenue and Cost computation
Notice that each area of the harbor might has its particular features in terms of operation, for this
reason each of the following terms could be computed for each area and, for example, for each month
of the operating year. For instance, given a harbor where there are two docks, it can be computed
the marina rentals revenues in July as the occupation rate of the area 1 in July multiplied by the
rental price of that area in that month plus the same for the area 2. Due to that considering all the
possible combinations of subareas, periods of time, types of moored ships and harbor operations, the
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next formulation is presented following a general simplified notation.
Port facilities revenues Fr = p
(1) · β · q ·A(1)(h) (3.27)
Properties and rights rentals Rr = p
(2) ·A(2)(h) ·B(2)(q) (3.28)
Grant incomes for storm damages Gr = s ·A(3)(h) (3.29)
Marina rentals revenues S1 = p
(4) · q ·A(4)(h) (3.30)
Slipway rentals revenues S2 = p
(5) ·max{α · q, t} ·A(5)(h) (3.31)
Commercial activity i revenues Sr,i = p
(i+5) · n(i) ·A(i+5)(h) (3.32)
where the different parameters and inputs are
p average unitary price of the developed operation in the area of analysis during the sim-
ulated month.
q average occupation rate (demand over offer) in the area of analysis during the simulated
month.
α is the number of operations done in a slipway over the occupation rate of the area of
analysis per unit of time.
t is the maximum number of operations that can be done in a certain slipway per unit of
time.
β is the number of operations of the a certain family of ships over the occupation rate of
the harbor per unit of time.
s is the maximum storm grant value that can be received from the insurance company in
case of storm damage.
n(x) Number of operations of the type i per unit of time in the area of analysis during the
simulated month.
A(h) Auxiliary function (user defined), defined in the area of analysis, dependent on significant
height h.
B(q) Auxiliary function (user defined), defined in the area of analysis, dependent on the oc-
cupation rate q.
Following the same approach, the different specific cost functions are defined. Observe that in
contrast with revenues, the cost definition is done using a general structure which consists in the
classical identification of fixed costs and variable costs. In this particular case, variable costs are
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function of h or a according to the nature of the operation.
Salaries and wages Wc = wf + w ·B(q) (3.33)
Ordinary repairs and maintenance Mo,c = mf +m ·B(q) (3.34)
Storm damage repairs Ms,c = r ·A(h) ·B(q) (3.35)
Rent concessions Cc = cf + c ·B(q) (3.36)
Storm insurance payment Ic = df + d ·A(h) (3.37)
Other operating costs Oc = of + o ·Bv(q) (3.38)
Commercial activity i costs Sc,i = a
(i)
f + a
(i) ·A(i)(h) ·B(i)(q) (3.39)
where the different parameters and inputs are in this case
wf Salaries and wages fixed costs.
w Salaries and wages maxim variable cost.
mf Ordinary repairs fixed cost.
m Ordinary repairs maxim variable cost.
r Maxim storm damage cost.
cf Rent concession fixed cost.
c Maxim concession variable cost for the rent of analysis.
of Other operating fixed cost of the service of analysis.
o Maxim other operating variable cost of the service of analysis.
df Storm insurance fixed payment.
d Maxim storm insurance variable cost.
aif Activity i fixed cost.
ai Activity i maxim variable cost.
Once implemented all functions for computing the different costs and revenues due to the agitation
inside the analyzed harbor areas, the f(h, q) can be perfectly computed for each incident wave field.
In the next chapter some examples are exposed and explained.
Real-time analysis of incident wave fields impact to harbors operation 32
4 Practical applications
In the following sections there are presented some practical examples of the explained processes
highlighting the potential applications of this work conclusions.
The two solved problems are
• Synthetic harbor: In this academic example it is depicted the behavior of the physical MSE
solutions for this academical synthetic problem (used in a lot of academic papers, i.e. V. Pan-
chang & Okihiro (2000)).Furthermore, they are identified the incident frequencies and directions
that generates worst responses for the given domain and they are compared the monochromatic
and the multi-directional/multi-frequency outputs. Finally, it is computed the non-operation
indicator Ia and the wave significant height hs histogram.
• Harbor Forum harbor: In this second problem it is presented the full economic analysis of
this Catalan port, known for its problems of resonance. It has to be said that this example
has been developed for show the potential of the economic analysis module developed in this
thesis. Nevertheless, the values are only indicative values taken from the literature and the
public pricing and costs reports of Port Forum Concession Company.
4.1 Synthetic harbor
4.1.1 Problem statement
The analyzed domain is the fully reflecting rectangular harbor presented and analyzed by V. Pan-
chang & Okihiro (2000) and Al-Salem (2009), 6.1×31.1m with a constant depth of 25.9m. The goal of
this first example is to identify the particularities of the MSE solution behavior in the given domain.
Furthermore, this problem is used for comparing the monochromatic and the multi-directional/multi-
frequency analysis explained in previous sections. At the end, the non-operation indicators Ia as well
as the hs histogram are computed and presented.
According first to V. Panchang & Okihiro (2000) and second to Al-Salem (2009), the geometry
of the model has been constructed by adding an open sea area in front of the rectangular harbor
of R/L = 0.7m of length, being R the radius of an inscribed semi-circular open sea area and L the
maximum wave length simulated in the analysis (Lmax = 16m, R = 11.2m). It has been also included
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a PML area with 16m of thickness. Notice that using high-order finite elements (10-node triangles,
order 3 approximation) with an element average size of 1m, means approximately an average of 160
nodes per wave length, having L = Lmax. Taking into account sea waves simulation best practices,
each wave should be simulated by at least 8 nodes per wave length, suggestion widely fulfilled for the
L = Lmax case.
On the other hand, the simulated frequency and direction ranges are Iω = (1.5, 4.2)rad/s and
Iθ = (180, 360)
o. Observe that the reduced base of this domain has been computed for an Iω =
(1.2, 4.5)rad/s, which implies Lmin = 3m (30 nodes per wave) and Lmax = 16m.
Figure 4.1: Harbor geometry and computational mesh and bathymetry.
As can be observed in the figures below, the symmetry of the domain is used for simplifying the
results representation.
4.1.2 Computations and results
For computing the results presented in this section, it has been discretized the frequency and the
directional domains in 100×100 intervals which involves the computation of 10000 simulations of dif-
ferent incident wave fields. Furthermore, all incident wave fields have an unitary incoming amplitude,
which simplifies the posterior analysis.
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Before presenting results, it must be said that because of the high oscillation of the MSE problem
solution, the water surface elevation indicators are computed in different representative areas of the
port. These areas include more than one computational nodes, which means that the presented result
is an average of the solution in the points located in the area of analysis.
See in figure 4.2 there are presented the results for the described problem for the given area
Ω1 : x[−1, 1], y[4, 6]m placed in the middle of the simulated harbor. (note that the presented hs is
the mean of the different point hs(x, y) in the area). For simplicity reasons, the results depicted are
the 100 analyzed directions given 5 incident wave frequencies and the 100 analyzed frequencies given
2 propagation directions, respectively.
Figure 4.2: Significant wave height in area Ω1 for the synthetic rectangular harbor.
As it has been anticipated, the solution of the MSE problem does not depend linearly on the
variables ω nor θ. In fact the geometry has a relevant effect in the non-linearity of the solution but it
will be explained in the next paragraphs. As it is noticed in following output figures, it can be said
that solution varies more regularly in function of θ for this harbor geometry.
Concerning hΩ1s in function of θ, it has to be observed that, for ω = 1.2rad/s, h
Ω1
s takes higher
values for perpendicular incident wave fields, what seams more predictable than what happens for the
other incoming frequencies. For instance, observing the graphics for ω = 2.9rad/s and ω = 3.6rad/s
it can be observed that worst scenarios are those with incoming directions between 200 and 230o.
As a general comment, it can be said that lower is the frequency of propagation more monotonous
are their solutions in function of the incident direction. In contrast, as the incident frequency in-
creases more irregular or oscillatory are the harbor responses in function of the incident direction.
Summarizing, it can not be said that worst incident directions are those around 270o.
Observing the right-side graph, it can be seen that solution does vary non-linearly in function of
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incident frequencies. In this graph can be identified 3 propagation frequencies (2.5rad/s, 3.3rad/s
and 4 rad/s) that seem indicate resonance phenomena around them. Also in this graphic, it can be
identified a growing tendency of the hΩ1s when the value of the propagation frequency tends to 0. It is
because of the reduction of waves frequencies implies longer waves or, in other words, bigger amounts
of energy carried by these low-frequency waves, phenomena widely known and studied by maritime
engineers.
For having a more global perspective of the problem, the same indicators have been computed for
a wider area Ω0 which contains all points with y < 10m.
Figure 4.3: Significant wave height in area Ω0 for the synthetic rectangular harbor.
First, it can be identified a general decrease of hs values compared to those computed in Ω1.
Second, concerning the dependence of hs on θ, lower frequencies have no notable change of tendency
but, as happened before, if frequency increase hs irregularity increases as well (notice the significant
change of ω = 2.9 and ω = 4.5). Besides, in the right-side figure they are depicted again peak values
around ω = 3.3rad/s and 4.0rad/s, which highlight again the high agitation generated this incoming
frequency ranges.
Apart from all this trends analysis, there is little more to affirm about the behavior of MSE problem
for the simulated domain. In fact, as suggested in P. Kumar & Yuen (2015), a harbor response must
be globally analyzed concerning all possible incoming wave fields acting a the same moment as a
part of a unique multi-frequency and multi-directional wave field. For doing that, it can be weighted
each computed value with the wave directional spectrum S(ω, θ), which takes into account all real
incoming scenarios.
Following the approach proposed in the second section of the third chapter of this work, it is going
to be computed the multi-frequency/multi-directional solution of different incident wave spectrum.
Real-time analysis of incident wave fields impact to harbors operation 36
For comparing the results of the previous and this new approach, it is going to be computed 100
full directional spectra cases where the incident energy spectrum will be always the same and the
spreading function will vary its main orientation from 180 to 270o. Remember that
S(ω, θ) = S(ω) ·D(θ)
where the energy spectrum and the spreading functions will be computed by using synthetic spectrum
formulations and the following parameters.
Energy Spectrum S(ω): Pierson-Moskowitz S. Spreading function D(θ): Cosine-2s
peak frequency: 2.0rad/s mean direction: var. from 180o to 270o
significant wave height: 3m spreading parameter: 15
Table 2: Multi-frequency and multi-directional incident spectrum parameters
Once computed the incident directional spectrum S(ω, θ) it has been computed the diffracted
spectrum by following (3.16) in each point of the domain. Finally, it has been obtained the hs in
each point of the domain by following (3.18). In the following figures they are depicted the incident
directional spectrum for θmean = 225
o and a section of it for the θmean plane. It is presented as well
this section but for the diffracted spectrum in the point A(0,4).
Figure 4.4: Incident directional spectrum. Incident and diffracted directional spectrum sections.
By using the results of this simulations it can be plotted the significant wave height in the area Ω1
and it can be compared to the significant wave height of the monochromatic case for the frequency
ω = ωp, as suggests P. Kumar & Yuen (2015).
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Figure 4.5: Left, monochromatic and multi-frequency/multi-directional significant height comparison.
Right, monochromatic harbor response for T=1.9s and 2.2s and θ = 225o and 200o respectively.
According to the results presented in the previous figure 4.6, it can be observed that the agitation
in the area of analysis generated by the mono-frequency incident wave field is completely different
from the one generated by the multi-frequency/multi-directional fields. What is even more relevant is
that in this harbor the agitation generated by the monochromatic field is mostly lower than the other
one. In other words, to evaluate the impact of the monochromatic incident wave fields to harbor
operation would underestimate the number of non-operation scenarios.
Figure 4.6: Wave significant height histogram for the monochromatic case with ω = 2.0rad/s and for
the multi-frequency/multi-direction case.
Using the non-operation indicator proposed in chapter 3, it can be seen that there is a notable
difference between the two values result of the monochromatic and the multi-frequency analysis. For
instance, taking an illustrative operative wave height limit of 2.0m, then
Ia,1 = 32% Ia,2 = 83%
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where Ia,1 represents the number of cases where h
Ω1
s > hs,lim for an incident wave field with frequency
ω = 2.0rad/sandθ = [180, 270]o, and analogously Ia,2 for an multi-frequency and multi-directional
incident wave field with constructed with the parameters exposed in the previous table.
4.1.3 Highlights
From the results of this synthetic example can be drawn the following statements.
• The MSE solution depends non-linearly on frequency and direction values. For the given ex-
ample, where all boundaries are fully reflecting boundaries, the incident wave fields are mainly
amplified and low-frequencies are not always related with the higher amplification.
• Multi-frequency and multi-directional simulations give a global perspective of harbor response
to incident wave field, making easier the analysis of the full range of possible incoming wave
fields.
• The solution of multi-frequency and multi-directional simulations can not coincide with the
monochromatic solutions for analogous incident fields. Taking into account that real incident
wave fields are multi-frequency and multi-directional fields, the solution of this cases should be
taken into consideration when analyzing agitation problems impact to harbor operation.
As a final comment, it has to be said that this example is an illustrative example where the incident
wave fields (in terms of significant wave height) should not take into account due to that real har-
bors have not fully reflecting boundaries. As seen before, the high non-linearity in function of the
frequencies solution is a consequence of this extreme boundary characteristics. In the next section it
is presented the analysis of a real harbor where it can be observed that all this phenomena are totally
related with harbor boundaries geometry and their characteristics.
4.2 Port Forum harbor
In this case, Port Forum marina has been chosen for its widely known operative problems concerning
agitation scenarios. Port Forum, located in Barcelona, has been designed for being the first luxury
marina for small and medium-sized boats and ships. It was built in 2003 as a part of the ”Forum
de les Cultures” held in BCN in 2004. It was for this reason that this harbor has some geometric
particularities, which seams to be the cause of its singular agitation problems.
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Figure 4.7: Port Forum Barcelona. General view.
4.2.1 Problem statement
For this example, Port Forum geometry has been modeled and implemented following the same scheme
done with the synthetic example. First it has been defined all its geometry and bathymetry and then
it has been incorporated the PML area in the domain of simulation. Finally, it has been designed the
mesh and they have been distributed the boundary conditions according to the maritime engineering
best practices and guides.
From a more practical point of view, they can be identified 4 different mooring areas (A, B, C
and F), a main slipway (E) and obviously an access channel(D). Taking into account that from an
exploitation point of view one of the F mooring area is not rented, then it is not going to be analyzed
explicitly. Nevertheless, as can be observed in the next figures, due to the geometry of the harbor,
the agitation in that area is not relevant. Concerning the previous classification, the marina’s areas
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of analysis are highlighted in 4.8. Notice that according to the harbor current exploitation plan there
are only 2 areas to be identified ”superyates”, which includes areas A and B, and ”yates”, which
includes area C.
Figure 4.8: Port Forum Barcelona. Docks classification and boundaries definition.
As seen in figure 4.8, there are different boundary conditions. First, the PML(red) and auxiliary
PML(grey) boundaries. Second, the breakwater boundaries (green) that are simulated using a partial
absorption coefficient of 0.7 3.
Figure 4.9: Port Forum Barcelona. Bathymetry detail.
Finally, it has been differentiated two different marina areas, the external one (pink) and the in-
ternal one(orange), noticed that the external it is not used as a harbor, in fact is part of a water
treatment plant, and for this reason it is not going to be deeply analyzed.
3Remember that boundary partial absorption coefficient takes value 1 in fully reflecting cases and 0 in totally
absorbing ones.
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This part is constructed using concrete walls and some rocks and sand areas, it is not a extremely
regular boundary so it has been taken 0.05 as its absorption coefficient. Finally the internal harbor
has been characterized with a coefficient of 0.02 which is normally used for simulating concrete walls
boundaries in sea waves models.
Since the simulated harbor is a real one, it has been used the real bathymetry of the port. Because
of the available data was not the full bathymetric description, it has been interpolated linearly between
the provided contours. See figure 4.9.
As far as the computational mesh is concerned, in this case it has been also designed according
to the computational requirements. Taking into account that the PML area thickness is 150m, the
maximum wave length that can be simulated for this domain is a 150m length wave, which is more
than enough concerning that peak periods in Port Forum area are usually around 4s. In contrast,
using high degree finite elements (10-node triangles) and an element average size of 10m, means that
the minimum wave length is around 10m, which ensures at least more than 8 elements per wave
length.
Figure 4.10: Port Forum Barcelona. Reduced base mesh detail.
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In the following sections the details of the different simulated incident wave fields as well as simu-
lations results are presented and discussed.
4.2.2 Computations and results
Monochromatic approach
First of all, it should be said that according to the possible incident wave fields given Port Forum
location, it has been generated a reduced base for analyzing incoming wave fields with frequencies Iω =
[0.13, 3.00]rad/s, propagation directions between 180o and 360o and teh mesh porpierties described
before. For this first computations, those ranges have been discretized in 150 points each one, so
150 directions × 150 frequencies of propagation. As done with the synthetic example, it has been
computed the diffracted significant wave height in the predefined areas of analysis for each single
possible wave field always with an unitary incident wave height. The figure 4.11 shows the results
Figure 4.11: Significant diffracted wave height in interest areas in function of incident propagation
directions. (area A, B, C and D respectively).
Real-time analysis of incident wave fields impact to harbors operation 43
of this first approach for variable incident direction and 3 fixed incident frequencies. There is a lot
of things that can be said about this first results, however, the most notable phenomena are the
following. From a general point o view, it can be said that low-frequency waves generate the higher
values of significant wave height inside forum harbor. But must be observed that the lower incident
frequency (0.15rad/s) represents a 48s period wave, which corresponds approximately a wave with a
length of 150m, which would be a really big amount of energy impacting to the harbor. In this case,
it can be identified in all areas a principal range of incident directions that maximize the effect of this
wave field impact. Approximately these directions range is [200o, 250o].
Figure 4.12: Significant diffracted wave height in the slipway. (area E).
Let us say that assuming low-frequency waves have more devastating effect on harbor operation
problems, this is not a surprising result. That is what exactly depict results in areas C and D for
the other two incoming frequencies (0.52 and 0. 90 rad/s), where precisely 0.90rad/s incoming waves
have a lower agitation effect than the other two frequencies.
Nevertheless, concerning the 2 first subfigures (area A and B) it can be observed that the highest
frequency 0.90rad/s generates higher significant wave heights than 0.50rad/s waves and, in A area
case, even higher than those generated by 0.15rad/s waves given certain incident directions. This is
a consequence of the alignment of the access channel of the harbor in combination with the highly
reflecting nature of the harbor walls. In fact, it is known that Port Forum harbor have resonance
problems in those areas in scenarios with similar incident wave frequencies (ω = 0.90ras/s, T = 7s).
On the other hand, observing the behavior of water surface elevation in the slipway (area E, see
figure 4.12) it can be seen what was expected, as higher is the quantity of energy carried out by waves
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(lower frequencies) less operative is the slipway.
Let us see what happens if we represent those hs results in function of incident frequencies.
Figure 4.13: Significant diffracted wave height in interest areas in function of incident propagation
frequencies. (area A, B, C, and D respectively).
Also in this case it is noticed that, in areas C and D the behavior is more regular than in areas A
and B. In C and D, low-frequencies generate the highest significant wave heights apart from the D
case with 225o incoming waves that for being located in a less protected area of the port, where waves
energy has not being dissipated yet. Contrarily, in A and B areas frequencies between 0.60rad/s and
0.90rad/s generates more agitation than lower frequencies.
In this case again, water surface elevation in the slipway is really high for low incoming frequencies
and decreases exponentially as soon as frequency grows.(see figure 4.14). Moreover, observe that
because of the highly reflecting properties of its boundaries as well as the constant geometry and
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batymetry, it is detected a resonance scenario when frequency is around 0.2rad/s.
Figure 4.14: Significant diffracted wave height in the slipway in function of incident frequencies. (area
E).
Thanks to this first monochromatic analysis of incident frequencies and propagation directions
ranges, it can be highlighted some points about the behavior of this infrastructure.
• For the possible incident wave frequencies, the most adverse incoming directions of propagation
are those from 190o to 230o.
• concerning really long incident waves scenarios (very high periods, T=[40,50]s), the propagation
directions between 200o and 250o generate the worst operation conditions.
• Incident wave fields with propagating frequencies between 0.6rad/s and 1.0 rad/s generate a
resonance phenomena inside areas A and B, achieving notable significant wave heights of 0.35m
in A.
• Due to the exposure of area D, the significant wave heights in the access channel are significantly
high for frequencies between 0.5rad/s and 0.9rad/s and for the simulated incoming directions.
• Slipway operation is totally inflatable when low frequency waves are reaching our harbor. Fur-
thermore, it is detected a resonance scenario when frequency is 0.2rad/s with an amplification
factor of 1.5 times the incident wave height.
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Figure 4.15: Monochromatic solutions of level of agitation inside Port Forum harbor. (T = 5s,
θ = 225o and T = 8s, θ = 200o respectively)
Multi-frequency and multi-directional approach
Once the monochromatic analysis has been completed, let us combine all this possible incident wave
fields with typical incident spectrum for simulating the general response of all incident wave fields
acting at the same moment.
For simulating real waves it has to be used a real or a synthetic directional spectra calibrated for
typical sea climes of this harbor. In this case it has been chosen the Pierson-Moskowitz spectrum for
its simplicity of interpretation and a cosine-2s spreading function. It has been recovered the typical
parameters that characterize sea clime in Port Forum harbor and its probability mass functions from
the historical data archive recorded by Puertos del Estado. Processing all this data, they have been
computed 160 different incoming directional spectra that then have been simulated as incident wave
fields that reach the port. It has to be said that fro achieving a sufficiently precise result (see 4.2.3),
the incident frequency range and the direction range discretization has been of 2000 evaluations per
each simulated spectrum, hence 3.2 · 105 evaluations of the reduced base of Port Forum harbor.
In the next table it is summarized the needed information and the input parameters needed for each
spectral simulation. Notice that, due to the probability mass function is known, it can be computed
Energy Spectrum Significant height hs = f(Tp) [0.5,0.95]m Peak period Tp [3.5, 10.5]s
Spreading Function Mean direction θmean [180,270]
o Spreading param. s 15
the probability of having each one of the different incident spectra. The developed procedure is going
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to be presented in the next paragraphs.
First of all, let us generate the different incident wave fields, or in other words, the 160 different
incident spectra. Notice that since in the original data there is the statistical relation between the
peak period and the most probable significant wave height associated to this period, it is possible
to compute each energy spectrum. In the left side of the following picture they are presented three
incident spectrum. Observe the difference of energy associated to each one of them and how it grows
when the peak frequency is reduced (ωp = 2pi/Tp).
Figure 4.16: Incident spectra (left). Incident spectra and diffracted spectra in areas of analysis (right).
In the picture on the right-hand side can be seen the incident spectrum (blue) and the diffracted
spectrum in each area of analysis. Observe that, as previously explained, the significant wave height
in each area of analysis is four times of the squared root of the integral of the diffracted spectrum.
So once the diffracted spectrum is known, it can be easily computed the significant wave height in
each point of the domain.
As an illustrative example, let us assume a fixed mean direction of propagation of 225o. Thus it
can be computed the directional spectra S(ω, θ), its diffracted analogous spectra Sdfr(ω, θ) and then
the combined significant wave height of the incident directional spectrum.
Observing the depicted results it can be seen how the significant wave height remains constant and
equal to the hs of the incident spectrum in the open sea area of the domain. Also it is clearly shown
how the wave agitation grows inside areas A and B as soon as the energy of the incident spectra is
increased.
Other examples of the combined response of incident wave fields are presented in the next figures.
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Figure 4.17: Harbor hs combined response of 3 directional spectra.(Tp = 3.5s, hs = 0.5m, Tp =
7.5s, hs = 0.7m, Tp = 10.5s, hs = 1.0m respectively)
Each one is the combination of all singular spectral evaluation contained in the range of the incident
spectrum.
Figure 4.18: Harbor hs combined response of directional spectra.(Tp = 5s, hs = 0.6m θmean =
198o,Tp = 5s, hs = 0.6m θmean = 255
o
In this last two examples, it is depicted how the mean direction of the incident directional spectrum
affects the conditions of agitation inside the different harbor areas.
Once it has been computed the response of the harbor to each one of the 160 possible incident
directional spectra, it can be computed the the probability of being in a non operative scenario Pa and
the non-operation conditions indicator Ia. (See chapter 3 for the detailed formulation). In the next
5 graphics the significant wave height distribution histograms are presented. Those in the left-hand
side (grey) represent the distribution of significant wave heights in the areas of interest without taking
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into account the probability associated to each incident spectrum. In the right-hand side ones (black)
there are the same histograms but weighted with the probability of having each incident spectra in
the Forum’s harbor. For computing each one of this right-hand side graphs, it has been used the
values of the probability mass function provided in the Puertos del Estado website tables.
Figure 4.19: Histograms of significant wave height distributions for each area of analysis.(Areas A,
B, C, D and E respectively).
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First of all, it has to be noticed the difference between the left-hand side graphics and those in the
right-hand side. It is clear how the possibility of each incident spectrum affects the significant wave
height distribution. For instance, comparing the two defined indicators Ia and Pa for the different
areas it can be noticed that taking into account the real probability of having each incident spectra
changes significantly the results of the analysis.
Area hs,lim Ia Pa
A 0.15 24% 16%
B 0.15 28% 19%
C 0.10 29% 18%
D 0.25 26% 8%
E 0.10 25% 15%
Table 3: Non-operation indicator and Probability of being in a non-operation scenario.
Observe that for this simulated harbor generally Ia is higher than Pa. However, it can be detected
that for area B Pa is higher than Ia, which indicates that incident wave fields that generate hs = 0.30m
are more probable in this area than in other.
Also using the black histograms data it can be computed the average annual number of hours that
hs,lim is exceeded in each area. For example, for the analyzed areas, the values are the following.
Notice that the fact of simulate only the incident wave directions that generate an effect in the internal
hs,lim Area A Area B Area C Area D Area E
0.00 5161 5161 5161 5161 5161
0.05 4233 3613 3659 5082 3040
0.10 2210 2065 1582 3977 1335
0.15 1388 1703 133 2519 0
0.20 186 52 0 1626 0
0.25 9 0 0 742 0
0.30 0 0 0 115 0
0.35 0 0 0 44 0
0.40 0 0 0 0 0
Table 4: Number of hours per year in which hs,lim is exceeded.
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areas of the harbor means simulate approximately 60% of the the real incident wave fields, so the
total number of hours that the simulated scenarios will be reaching Port Forum are not all the year
hours but only 60% of them.
Using all this data and the economical business plan presented in chapter 3, it can be estimated the
revenue streams of the port. For doing that they are going to be used the different inputs that can be
founded in the Port-forum harbor website. There is some information that is not available because
concerns managerial solutions and storm historical data that is property of harbor management
company. In this cases it is going to be used illustrative information obtained by using other sources
and/or assuming some hypothesis.
For the harbor forum case, they have been taken into account the following revenues and cost
streams
f(h, q) = S1() + S2() +Wc() +Mo,c() +Ms,c()
where S1 stands for marina rentals revenues, S2 slipway rentals revenues, Wc() salaries and wadges
costs, Mo,c() ordinary maintenance and repairs and Ms,c() for storm damage maintenance and repair.
Using the previous formulation and the input data, they have been computed the following outputs.
Figure 4.20: On the right auxiliary functions A(h) for storm damage repairs. (Unitary costs of repair
produced per hour of hs agitation level.) On the left, storm reparation and maintenance costs per
area of analysis.
By adding all the different computed quantities, the resultant cost and revenues streams can be
computed and used for measuring and understanding the profitability of the port’s exploitation model.
As a final comment, it has to be highlighted again that due to some of the needed data is not public
data, it has been supposed and or extracted from other similar business plans. Nevertheless, the
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Total Revenues 3,278,962
Revenue Area A 981,705
Revenue Area B 905,267
Revenue Area C 1,280,795
Revenue Slipway (E) 82,187
Total Costs -1,234,511
Ordinary maintenace and repairs -368,500
Storm repairs and maintencance in A -265,140
Storm repairs and maintencance in B -61,937
Storm repairs and maintencance in C -106,056
Slipway losses for non-operation conditions -14,504
Wadges and salaries Costs -418,375
Result f(h, q) 2,044,450
Table 5: Illustrative outputs of the economic management module.[euros/year]
unique aim of this last part of the section is show the potentialities of the developed module, not to
compute a complete and real business plan quantities.
4.2.3 Problem results sensitivity to incident spectra discretization
It has been also developed an analysis of solution convergence. First, it has been computed the
resultant significant water height in the three areas of analysis of the harbor assuming a unique
incident spectrum. The key point is to evaluate the variations in hs value in those areas when
increasing the number of monochromatic evaluations used for compute the multi-frequency and multi-
directional combined solution. The used approach is based in observing hs variations while increasing
the discretization of the incident wave field. Next it is presented an illustrative scheme of the process.
1. Compute the incident directional spectrum Sinc(ω, θ)
2. Discretize Sinc(ω, θ) in n×m cases and compute their result.
3. Compute diffracted directional spectrum in each point of the simulated domain (see eq. (3.16)).
4. Compute the significant wave height inside the harbor by integrating Sdfr(ω, θ) values (see eq.
(3.18)).
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5. Increase m and n values and compute again hs in the areas of interest.
Figure 4.21: Significant wave height in the three areas of analysis in function of the monochromatic
evaluations used for computing the multi-frequency and multi-directional result.
Figure 4.22: Relative error in significant wave height computation.
Assuming the depicted convergence of the results, it has been considered a simulation with 8000
discretizations of incident spectrum as the solution of reference for computing the relative error.
It can be observed in the graphic that, for more that 1000 evaluations for computing the incident
spectrum, the solution does not vary significantly. In this case it is being achieved a relative error
of 10−3 respect the 8000 evaluations simulation. For discretizing the incident spectrum, they have
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been taken 10 discretizations of the direction of propagation range and a from 2 to 800 disc. of the
frequency range.
Finally, it has been done the same but now considering the variations of the cost function f(h, q)
of the economical problem. In this case they have been simulated 160 incident spectrum varying the
number of evaluations used for computing each one. The approach is the same done previously for
the hs convergence analysis. The used discretizations scheme is the same used before: 10 disc. for
the direction range and from 2 to 800 disc. for the frequency range. It has been also considered the
8000 disc. (10× 800) result as the reference solution.
Figure 4.23: Harbor annual economic result (cost function, f(h, q)) in function of the monochromatic
evaluations used for computing each incident spectrum.
Figure 4.24: Relative error in f(h, q) computation.
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In this case the f(h, q) solution converges to a unique value (2.04 M Eur). Looking a the error
trend it is quite interesting to observe how error is totally reduced when more than 1000 evaluations
are used. This is because the value of f(h, q) varies in function of the auxiliary functions A(h) and
in this illustrative problem A(h) values are defined using 0.05m intervals. Consequently, when the
error in determining the value of hs reaches values of 10
−3m it has no impact in f(h, q) result. As
a final consideration, it has to be said that for the Port Forum case, they are needed at least 1000
evaluations per incident spectrum to achieve significantly accurate results in terms of hs computation
and cost function evaluation. Notice that consider 160 possible incident spectrum means 1.6 · 105
evaluations for computing f(h, q).
4.2.4 Highlights
After computing and analyzing all this different scenarios results, some general highlights can be
summarized.
• Comparing the harbor response to the different incident conditions, Port Forum has a more reg-
ular response when analyzing its water surface elevation variations in function of the incident
fields frequencies of propagation. This is mainly due to the absorption coefficient of its bound-
aries are not fully reflecting and consequently absorb part of the incident energy generating less
oscillations of water surface.
• Monochromatic analysis of full possible incident range of frequencies and directions gives really
precise information about harbor behavior. This is key when identifying the worst incident
conditions for the analyzed harbor.
• Multi-frequency and multi-directional analysis gives a more precise result concerning real waves
simulation than the monochromatic one. Its outputs are really useful for real operation condi-
tions simulation.
• The economical module of the analysis is extremely useful when harbor exploitation is analyzed
and its outputs can be used for optimizing its operative tasks and minimizing economical risk
related to harbor agitation scenarios.
Real-time analysis of incident wave fields impact to harbors operation 56
5 General Conclusions and future works
The main goal of this thesis was the development of a real-time analysis code for study the impact
of real wave fields to harbor operation. This has been accomplished through the fulfillment of all
objectives presented in the first section of this work, following the procedure outlined here. I has been
comprehended the harbor agitation problem and understood an applied the FEM-based computations
and reduced order model applied to the mild slope equation model for harbor agitation simulation.
It has been understood the spectral theory and its potential application as well as its limitations
and problems. It has been developed a research code module for analyzing this incoming waves
impact to harbor operation on real-time by using the previously cited reduced order models of MSE.
Also, it has been included in the developed code a module where economical simulation of marinas
and commercial harbors business plan are reproduced and analyzed. Finally, it has been run two
illustrative examples where it have been tested all proposed methodologies and analysis frameworks.
In the following points there are summarized the main statements obtained by the application of all
the proposed developments presented in this thesis.
i. Reduced Order models based on the computation of a generalized solution of the MSE problem
bu using the Proper Generalized Decomposition approach works well for solving MSE problems
on real-time. Its high performance when evaluating different incident sea clime conditions is
fundamental for simulating all possible incident wave fields represented by real oceanic waves
spectrum. It can be said that computational time barrier can be perfectly avoided by using this
numerical methods when simulating complex harbor geometries and when a lot of solutions of
the problem are required.
ii. The full analysis of all possible incoming monochromatic wave gives more precise information
about harbor water surface elevation behavior in function of all possible incoming wave fields.
Furthermore, it extremely minimizes the risk of disregarding possible hazardous scenarios that
may generated dangerous operation conditions or low exploitation profitability of this expensive
infrastructures.
iii. Multi-frequency and multi-directional analysis of real incident spectrum gives a precise and more
realist solution of the harbor water surface elevation in each part of the harbor. Moreover, it
gives a simple and clear global answer when analyzing many different possible incoming wave
fields. Its outputs are useful for predicting general economic result of harbor exploitation based
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on historical data, predict in real-time harbor free cash flows and revenues streams and detect
and propose more efficient exploitation strategies thanks to the possible detailed profitability
analysis that can be done using the proposed economic module.
Two future works are suggested below concerning the previously summarized conclusions and all
the potential applications of the proposed analysis approach.
• Implementation of a real-time management tool: Using to all the information summa-
rized in this work it can be figured out a general analysis framework for optimizing harbor
operation on real time. This could use the multi-frequency and multi-directional analysis for
monitoring the water surface elevation inside a harbor on real-time by processing the data pro-
vided by a buoy in front of harbor openings. Moreover, it would be really useful to implement a
submodule that, using the business plan developed presented in this thesis, monitors all harbor
revenue streams and detects improving opportunities for optimizing harbor profitability.
• Design and optimize a real harbor operation procedures from an economic point
of view using the developed management module: Given all the presented approaches
it would be really interesting to apply all these frameworks to a real harbor with the only
scope of determining the actual and the potential profitability of the port. Mainly the most
important thing would be to use historical economic data from the harbor management company
accountability and to adjust the auxiliary functions presented in this work, given real conditions
for the analyzed port.
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Appendix
Definition
Parameter Description
η Sea surface elevation respect the mean sea level (MSL). Normally η is registered
in function of time being then η(t).
ηmax Maximum local elevation or peak during a given interval of time.
ηmin Minimum local elevation during a given interval of time.
Tp Peak period. Time between two consecutive peaks.
T Wave period. Computed using the zero-up crossing method, the period of a wave
will be the time between two consecutive zero up-crossings being zero the MSL.
a Wave amplitude. The amplitude can be understood as the max η during a T .
H Maximum wave height in a period T.
Table 6: Commonly used wave characteristic parameters.
Parameter Description
Hs Significant wave height. Computed as the arithmetic mean of the third of waves
that have the maximum H in a registered sample.
Hrms Root mean squared wave height.
Hmax Maximum wave height.
Tz Zero-up crossing period.
r Irregularity parameter.
T¯p Arithmetic mean of Tc’s.
Table 7: Commonly used storm statistical parameters.
where Hrms, Tz and T¯p are defined as
Hrms =
√√√√ 1
N
N∑
i=1
H2i Tz =
1
N
N∑
i=1
Tz,i r =
T¯p
Tz
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Energy spectrum properties
mn ≡ Spectral momentus of order n.
mn =
∫ ∞
0
ωn · S(ω)dω
It can be proved that:
σ2 = m0 =
∫ ∞
0
·S(ω)dω
where σ2 ≡ variance of the amplitudes of the registered waves.
s ≡ Spectral width parameter.
s =
√
1− r2
Spectral-Statistical relations
Tz = 2pi
√
m0
m2
T¯p = 2pi
√
m2
m4
r =
√
m22
mo ·m4
s2 = 1− m
2
2
m0 ·m4
The directional Spectra S(ω, θ)
S(ω, θ) = S(ω) ·D(ω, θ)
S(ω, θ) ≡ Direcctional Spectrum
S(ω) ≡ Normalized Energy Spectrum
D(ω, θ) ≡ Spreading Funtion
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cosine-2s Spreading Function
D(ω, θ) = D(s, θ) =
(
2(2s−1)
pi
)(
Γ2(s+ 1)
Γ(2s+ 1)
)
cos2s
(
θ − θo
2
)
where
Γ ≡ gamma function
θo ≡ mean waves propagation direction
s ≡ spreading parameter, s = s(ω,ws) where ws is the wind speed.
Synthetic Energy Spectra Sˆ(ω)
i. Pierson-Moskovich Spectrum
Sˆ(ω) = 5 ·H2s /(ω0 · ω5n) · e(−5/4) · ω−4n ) (6.1)
where: ωp = 2 · pi/Tp and ωn = ω/ωp, Hs ≡ significant wave height, Tp ≡ peak period.
ii. JONSWAP Spectrum
Sˆ(ω) =
α · g2
ω5
· e− 54 (ωp/ω)4 · γ · e−5((ω/ωp−1)/s)2 (6.2)
where: s = sa if w <= wp, s = sb if w > wp
wp ≡ angular peak frequency
Hs ≡ significant wave height
Tp ≡ peak period
γ ≡ peakedness factor determines the concentration of the spectrum on the peak frequency,
γ ∈ [1, 7]
sa, sb ≡ spectral width parameters (default 0.07 0.09)
α ≡, normalization factor, (default -1):
α < 0 : α calculated by integration so that
∫
Sdw = H2s /16
α = 0 : α = 5.061 ·H2s /Tp4 · (1− 0.287 · log(γ))
α > 0 : α = α
notice that if γ = 1: Bretschneider spectrum
iii. McCormick Spectrum
Sˆ(ω) = (M + 1) · (Hs/4)
2
ωp
· (ωp/ω)M+1 · e−(M+1)/M ·(ωp/ω)M (6.3)
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where:
Tp/Tz =
(1 + 1/M)(1/M)
Γ(1 + 1/M)
Hs ≡ significant wave height, Tp ≡peak period , Tz ≡ zero-down crossing period (default 0.8143 ·
Tp).
iv. Ochi-Hubble Spectrum
Sˆ(ω) = BL · H
2
s
4 · Γ(L) · ω4·L+1 · e−B/ω4 (6.4)
where: B = (L+ 1/4) · (2 · pi/Tp)4
Hs ≡ significant wave height , Tp ≡peak period, L ≡ spectral shape parameter (default 3).
v. Wallop Spectrum
Sˆ(ω) = Bw ·H2s /ωp ·
ωp
ωM
· e−M/4·(ωp/ω)4 (6.5)
where: M = abs((log(2 · pi2) + 2 · log(Hs/4)− 2 log(Lp))/ log(2))
Bw ≡ normalization factor, Lp ≡ wave length corresponding to the peak frequency ωp.
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